In the present study, we investigated, using custom dog cDNA arrays, the time course of transcriptional changes in the left ventricle of dogs fed a normal diet or a high fat diet (HFD) for 9 to 24 weeks. Array hybridizations were performed with complex probes representing mRNAs expressed in left ventricles from obese hypertensive and lean control dogs. 63 differentially expressed genes were identified and expression of 17 of 20 randomly chosen genes was confirmed by real time PCR.
INTRODUCTION
Obesity is highly prevalent in developed countries and will be a major health concern in the future mainly because of its impact on cardiovascular morbidity and mortality (27, 49, 22, 35) . Duration of obesity has been shown to be a determinant of the incidence and severity of obesity-associated cardiac morbidity (36, 4) , raising the probability that the recent increase in prevalence of childhood obesity will in the future result in a marked rise in the appearance of cardiovascular diseases (44, 34), (14) . Cardiovascular morbidity in obesity is, in part, a consequence of arterial hypertension (33) as well as endocrine and metabolic disorders such as insulin resistance, diabetes mellitus or dyslipidemia. However, increased adiposity enhances secretion of multiple adipokines (53) that may act on target organs such as kidney, brain and heart (19) .
Our group and others have investigated the cardiovascular adaptations to obesity in dogs fed a hyperlipidic, hypercaloric diet (HFD) (43, 18, 54) .This model closely mimics human obesity and is associated with hypertension, cardiac dysfunction, and metabolic abnormalities. This is in contrast to many mouse and rat genetic models of obesity with defects in leptin synthesis or leptin signaling. In most of these models obesity is not associated with SNS activation or hypertension.
Moreover, dietary models of obesity, especially those produced by feeding a high fat diet (HFD), mimic the diet of western countries where excess fat is a major environmental factor responsible for increased prevalence of obesity (41) .
We previously observed that a HFD induces abdominal obesity, hyperinsulinemia and arterial hypertension within a few weeks whereas marked left ventricular hypertrophy (LVH) develops only after about 20 weeks of HFD (32, 54) . In a recent study, we also demonstrated that short-term HFD in dogs caused substantial cardiac molecular adaptations (38) . Left ventricular hypertrophy in other models of hypertension has also been studied at the transcriptome (21) and proteome level (6) .
However, most studies provide only a static view of cardiac adaptation to arterial hypertension and no study, to our knowledge, has examined the molecular mechanisms involved in long term cardiac remodeling during dietary-induced obesity.
Moreover, the time course of cardiac transcriptome changes during HFD-induced obesity is unknown. Therefore, the present study was designed to investigate the molecular processes induced by 9 to 24 weeks of hyperlipidic and hypercaloric diet in obese, hypertensive dogs.
METHODS
Experiments were conducted in 20 chronically instrumented mongrel dogs that were conditioned before study. All experimental protocols were carried out according to the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and according to the guidelines of the Animal Welfare Act.
Surgical procedures were performed with the dogs under pentobarbital sodium anesthesia and using aseptic methods. Arterial and venous catheters were implanted for continuous monitoring of arterial pressure, blood sampling, and intravenous infusions as previously described (17) . An electromagnetic flow probe was implanted on the ascending aorta for continuous monitoring of cardiac output (17) . After recovery from surgery, antibiotics were administered daily and rectal temperatures were monitored to insure that the dogs were afebrile throughout the studies.
After a 10-14 day recovery period, the dogs were placed in individual metabolic cages in a temperature-controlled room with a 12-hour light/dark cycle and were maintained throughout the study on the regular diet of 2 cans of H/D food.
Obesity was induced in some of the dogs (N=15) by supplementing their regular diet with cooked beef fat (0.5 to 0.9 kg) and this diet was maintained for 9-24 weeks.
After 9,10,15, 24 weeks of normal or high fat diet, the dogs were anesthetized with sodium pentobarbital and surgery was quickly performed to remove the hearts. Labeled probes were hybridized to our arrays containing 2400 heart dog cDNA clones spotted in duplicates and that were described previously (38). Membranes 
Statistical analysis and identification of differentially expressed genes
All results are depicted as mean ± SEM. Multiple comparisons were analyzed using ANOVA followed, when appropriate, by Dunnett's post hoc test using Statview 4.5 software (Abacus concept, USA). Single comparisons were performed using unpaired Student's t test with a value of P ≤ 0.05 considered as significant.
Analysis of differentially expressed genes was done for cDNA arrays by ANOVA test using NIA Array Analysis Tool (http://lgsun.grc.nia.nih.gov/ANOVA/)
Hierarchical clustering and Principal Component Analysis (PCA)
Hierarchical clustering was performed on normalized X-dot reader dataset with
Cluster Software and drawn with TreeView software (13) . The clustering was performed on the average linkage clustering method for the genes and the arrays. Plasma renin activity increased to 1.05±0.41 ng ANGI/ml/h after 24 weeks of a HFD, compared to 0.42±0.16 ng ANGI/ml/h in lean control dogs. There were no major changes in plasma sodium or potassium concentrations in dogs fed a HFD compared to lean control dogs.
RESULTS

Hemodynamic and hormonal effects of a high fat diet
Differential gene expression in left ventricles of obese and lean dogs
We used our tissue-specific cDNA array to analyse transcriptome modulations during a 9 to 24 weeks of the HFD. ANOVA analysis revealed 63 significantly differentially expressed genes in the ventricles of dogs fed a HFD, compared to lean control dogs (Table 3) . Differentially expressed genes were grouped by hierarchical clustering organization ( Figure 1 ) that showed groups of co-regulated genes specifically regulated at each study period. In addition, to provide a clear picture of the adaptative process in heart, genes were grouped by functional classes, encompassing TGF-β and TNFα signaling, metabolism, structure, remodeling, cell proliferation, transcription and translation, ionic currents, stress, signal transduction and a set of 14 genes of unknown function ( Table 3) .
From these differentially expressed genes, 20 were randomly chosen for differential expression verification by real-time PCR quantification of the mRNA. Differential expression of 17 genes (85 %) in obese compared to lean dogs was confirmed by real-time PCR, although induction or repression was often even more apparent by real-time qPCR ( Table 3) . Myostatin, a TGF-β family member, known as a negative modulator of muscle mass (28) , was also strongly down-regulated after 15 weeks (Arrays) and 24 weeks of the HFD (real-time PCR). The TGF-β receptor 2 was also down-regulated and found in the same cluster as TRIP-1. Moreover, SERCA2 and Phospholamban, two TGF-β regulated target genes were also down-regulated. Semi-quantitative western blot analysis (Figure 2A and 2B) showed significant down-regulation of TRIP-1 after 10, 15 and 24 weeks of HFD that was concomitant to a down-regulation of the mRNA level for TRIP-1 ( Figure 2C ).
PCA analysis also displayed regulation of SERCA2, Phospholamban, TRIP-1
and Myostatin in the same group (Not shown). This result was confirmed for SERCA2
and TRIP-1 by correlation analysis (figure 4).
Since the TGF-β pathway seemed to be involved in the transcriptome adaptations in obese heart we used GenMapp, a new bioinformatics tool, for viewing and analyzing array data from biological pathways (11) . As subtractive libraries used for the cDNA arrays cannot be considered as exhaustive, we also considered the possibility that we could have missed some genes involved in the TGF-β pathway that were proposed by GenMapp and not tested. Therefore, real-time PCR data were added in GenMapp for a defined set of genes and this software allowed us to organize gene expression in the TGF-β pathway (Figure 3) . GenMapp showed globally significant up-regulation of the TGF-β1 gene, down-regulation of TGF-β2 receptor, Smad 2, Smad 4, and TRIP-1, and up-regulation of Smad 6. Smad 7 expression was not significantly altered by the HFD. GenMapp also displayed altered regulation of a set of 10 target genes for the TGF-β pathway. Up-regulated genes included the atrial natriuretic peptide receptor which was strongly induced by the HFD, the β1, 2, 3 adrenergic receptors, the ryanodine receptor, and collagen 1. 
DISCUSSION
Results from previous studies indicate that dogs fed HFD closely mimic the systemic hemodynamic, renal, hormonal, and metabolic changes observed in obese humans (17, 43, 54, 16) . As shown in the present study and in previous studies, dogs fed a HFD have marked increases in heart rate, cardiac output, and blood pressure as well as mild activation of the renin-angiotensin system, hyperinsulinemia, insulin resistance, and other metabolic changes that are characteristic of changes observed in human obesity. Thus, this model appears to be an excellent one to investigate the molecular mechanisms associated with obesity-induced cardiovascular disease.
To our knowledge there has been only one report using a functional genomic approach in this animal model (38). One of the difficulties in studying dogs has been the lack of tools for functional genomic studies. Therefore, we prepared our own cDNA arrays for dogs with the goal of investigating the cardiac molecular adaptations that occur during chronic obesity induced by feeding a high fat diet for 9-24 weeks.
This also enabled us to investigate the time course of the molecular adaptations in the left ventricle associated with a chronic HFD.
Hierarchical clustering organization provided us both a global view of the changes in cardiac gene expression induced by the high fat diet, and also permitted us to group genes that were regulated in a similar way. Interpretation of the data is this time (38). This finding suggests that changes in cardiac gene expression may occur very early and participate in tissue remodeling that is seen later after many weeks of an HFD (32).
At 9 weeks of HFD, we observed some differences when comparing gene expression data in left ventricle from our previous study (38) . At this stage of HFD we did not find in the present study a significant induction of MMP9 although we observed significant down-regulation of SERCA2 and Phospholamban not previously observed in the left ventricle of dogs fed a HFD. This might be explained by the different pedigrees of the animals in the present study compared to our pervious study (38). We also found up-regulation of mRNA levels encoding proteins of the mitochondrial respiratory chain such as cytochrome C oxydase subunit I and ATP synthase subunit 6. These changes may reflect increased energy and ATP consumption secondary to increased cardiac work load and arterial hypertension.
Similar up-regulation of ATP synthesis has also been described in left ventricular mitochondria from spontaneous hypertensive rats (48, 7).
After 24 weeks of a HFD, we observed down-regulation of the gene for Myostatin, a factor that inhibits cardiac muscle growth (28) . Deficiency of myostatin has been shown to cause muscle hypertrophy (56), an observation that is in accordance with our finding of down-regulation of Myostatin and with previous studies showing cardiac hypertrophy in dogs after 22 weeks of a HFD (32).
We also observed a significant reduction of N-acetyl galactosaminyl Reorganization of tissue structure is often concomitant with cell proliferation (5). We observed up-regulation of the expression of a set of genes involved in cell proliferation that have, to our knowledge, not been previously studied in heart. First, Nucleophosmin (NPM), which is known to accumulate in nuclei of exponential growing HeLa cells (55) and is strongly up regulated during estrogen-induced cell proliferation in MCF-7 breast cancer cells (50), was continuously up regulated after 10 weeks of a HFD. NPM has several potentially important roles in regulating cell function and signaling. Specifically, NPM is a chaperone for nuclear import of proteins (12, 51) .This feature lends itself to chromatin dynamics (26) and likely plays an important role in the regulation of cellular mitogenesis. In this same group of genes, we also found down-regulation of mRNA levels for ERK-3, a mitogen activated protein kinase present in the nucleus (9) . ERK3, also called p97 or MAPK6, is responsive to different growth factors during activation of the p38 pathway (57).
Down-regulation of ERK3 may be a feedback control mechanism of cellular proliferation which attempts to slow down cellular proliferation during the process of ventricular hypertrophy.
One striking observation in the present study is that multiple components of the TGF-β pathway were altered during the HFD. Using cDNA arrays, we observed that several members of the TGFβ pathway were differentially regulated in lean and for mRNA levels may occur through a specific regulatory mechanism for PAI-1 and collagen in hearts of obese hypertensive dogs. This regulation may be a consequence of the level of TGF-β or of the pattern of expression of the genes involved in the TGF-β1 pathway. As Smad 6, β1, β2, β3, and RYR receptor reached maximal induction at 9 weeks and since they are known TGF-β target genes, we suggest that these genes may be up-regulated by high levels of TGF-β whereas
NpRA receptor is strongly up-regulated by lower levels of TGF-β (i.e. at 10 weeks HFD). Since we found that the negative regulator of the TGF-β pathway Smad 6, was up-regulated, we propose that this protein may block the expression of a set of defined genes. In fact, Smad 6 has been recently shown to be predominantly expressed in heart and vessels, is involved in the control of gene expression during heart development (15), and is proposed to be a co-repressor of transcription by recruiting histone deacetylase (8) .
mRNA from genes involved in cardiac excitation-contraction coupling such as Phospholamban (PLB) and SERCA-2 were down-regulated in the left ventricle of obese compared to lean dogs. SERCA2 has been proposed to be regulated by the TGF-β pathway (31) . We also observed down-regulation of TRIP-1, a negative regulator of the TGF-β pathway (10) In summary, a long term HFD in dogs led to increased body weight and multiple cardiovascular adaptations including increases in blood pressure, cardiac output, and heart rate, as well as profound modifications of the cardiac transcriptome.
Because we analyzed cardiac transcription modifications at several time points during the HFD, the observed changes offer a dynamic picture of obesity-related pathological adaptations in the myocardium. The molecular adaptations to dietaryinduced obesity observed in the present study also suggest novel regulatory pathways that may mediate cardiac remodeling in obesity.
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